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Abstract
Corrosion is an essential operational factor to characterize for future demonstration and commercial carbon capture
plants. In this paper, three approaches have been used to investigate corrosion in CO2 capture pilot plants: corrosion 
coupons, on-line monitoring and pilot plant inspection. These tests were realized in two pilot plants: Esbjerg, Dong 
Energy and Maasvlakte, TNO. Consistent results were obtained. In general, carbon steel and austenitic stainless steel 
behave well in most of the zones. Several more critical zones have been identified: stripper sump, high temperature
lean solvent pipe, reboiler and reclaimer. Some corrosion mechanisms such as flow induced degradation, corrosion 
due to CO2 or the corrosive effect of the solvent degradation have been evidenced.
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction
For a long time, several corrosion problems (e.g. stress corrosion cracking) have been experienced in 
the gas purification systems, where 2-ethanolamine (MEA) is used [1, 2 and 3]. MEA is also commonly 
used for flue gas treatment in carbon capture installations. Corrosion can have a severe impact on the
operation of post-combustion carbon capture plants: corrosion products may increase solvent degradation
which leads to a loss in absorption efficiency, an increase of the organic compounds emissions and of the
solvent corrosiveness [4]. Due to this induced autocatalytic effect, the increase in iron ion concentration in
the solvent during plant operation can lead to several plant interruptions. As corrosion cannot be a limiting
factor for demonstration and commercial capture plants, it has to be investigated in detail in order to
assess the best materials and avoid unacceptable corrosion rates.
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
2048   S. De Vroey et al. /  Energy Procedia  37 ( 2013 )  2047 – 2057 
Therefore, Laborelec realized several corrosion test campaigns in order to answer the following 
objectives: 
 Identify the most critical locations of the pilot plants 
 Obtain data for the selection of appropriate materials for each section of the installation 
 Understand the corrosion mechanisms occurring in the pilot plant 
 Evidence the link between operational parameters and corrosion behavior of the materials 
Three approaches to study corrosion in post-combustion carbon capture plant are presented in this 
paper: (1) Exposure of corrosion coupons in several zones of pilot plants: the investigation of exposed 
corrosion coupons allows to evaluate the average general corrosion rate and the pitting rates, thanks to 
weight loss measurement and complete analysis of the coupons, including a metallographic investigation; 
(2) On-line monitoring of the corrosion: on-line monitoring is possible thanks to continuous recording of 
electropotential measurements, directly correlated to the corrosion rate. It will allow a continuous follow-
up of the corrosion state of the system and (3) Pilot plant inspections: inspections are also carried out in 
order to evaluate the real state of several critical parts of the installations between test campaigns and to 
correlate it with the two previous test results. The investigation consists in a visual inspection, endoscopic 
inspection, thickness measurements, chemical analysis of deposits and metallographic analysis of pipe 
parts. 
 
2. Materials and procedure 
All the tests presented here have been realised with an aqueous  progressively degrading  30wt% 
MEA solvent.  
2.1. Corrosion coupons 
Corrosion coupons consist in flat rectangular metal samples of 76 mm x 13 mm x 1.6 or 3 mm, drilled 
with a hole of 5 mm for attachment on the coupon holder. A picture of a metallic specimen and coupon 
holder is shown in Fig. 1. In order to obtain data for materials selection, different metals have been tested: 
 Carbon steel (AISI 1018): carbon steel is a cheap metal that has operated successfully in low 
MEA concentrations but it is sensitive to corrosion in aqueous MEA solution containing CO2. 
 Austenitic Stainless Steels:  
 AISI 304(L): 304 is usually used for internals in CO2 Capture units but it is not immune 
against degradation (caustic Stress Corrosion Cracking (SCC) above 120°C, intergranular 
cracking when  
 AISI 316(L): 316 are usually used for internals in CO2 Capture units, it possesses a better 
pitting resistance than 304 but it is not immune against degradation (caustic SCC at 
temperatures above 120°C). 
 Duplex stainless steels: Duplexes have a good resistance to localized and uniform corrosion and 
a high resistance to stress corrosion cracking. Three duplex steel grades have been evaluated: 
lean duplex 2101, duplex 2205, super duplex 2705. 
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Fig. 1. Coupon and holder
The coupons were positioned in the Esbjerg pilot plant with the main surfaces parallel to the flow at 6
locations: (IP 1) in the lean solvent entering the absorber, (IP 2) in the rich solvent leaving the absorber,
(IP 3) in the rich solvent entering the stripper, (IP 4) in the lean solvent leaving the stripper, (IP 5) in the
treated flue gas leaving the absorber and (IP 6) in the concentrated CO2 leaving the stripper. The coupon 
locations are schematized in Fig. 2 and the conditions are summarized in Table 1. 
Two test durations are presented in this paper: short term testing (~500h, during the vs
 
Fig. 2. CO2 capture scheme and locations of the coupons in Esbjerg pilot plant [5]
Table 1. Summary overview of the corrosion coupons location and conditions at the different positions
Position Environment Temperature
IP1 Lean solvent 40°C
IP2 Rich solvent 50°C
IP3 Rich solvent 120°C
IP4 Lean solvent 100°C
IP5 Treated flue gas 50°C
IP6 Concentrated CO2 90°C
After exposure, the coupons are extracted from the system and analyzed by visual examination, weight 
loss measurement (according to the International Standard ISO 8407), corrosion rate calculation
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(according to the International Standard ASTM G1-03), chemical analysis of deposits, pitting rate 
calculation and metallographic analysis in case of localized degradation. 
2.2. On-line corrosion monitoring (by electro-potential measurement) 
The measuring principle is an electrochemical measurement or linear polarization resistance 
measurement. The measuring device consists in a probe with three electrodes (test electrode, reference 
electrode and counter-electrode). The probe is connected to a transmitter. The general corrosion rate is 
directly calculated on the basis of the polarization resistance. This corrosion rate can be correlated to the 
operational parameters of the pilot plant.  
The online corrosion campaign was performed at the Maasvlakte pilot plant (TNO) during a whole 30 
wt% MEA campaign. The probe was immersed in the rich solvent entering the stripper. 
2.3. Inspection of the pilot plant 
The inspection consisted in a visual and endoscopic examination of the accessible zones of the pilot 
plant, completed by ultrasonic thickness measurements and chemical analysis of several deposits 
collected in the installation. In particular, the investigated zones are the absorber, the stripper, a pipe  
exposed to hot lean solvent, the reboiler and the reclaimer. Such inspection takes into account the 
complete life of the pilot plant (including former tests campaigns). This paper presents the results from 
the inspection of the Esbjerg pilot plant at the end of the long term tests; all the test campaigns realised 
formerly in the pilot plant are taken into account Castor Cesar
including other solvents). 
3. Results and discussion 
The results obtained by the different test methods are presented in the following subsections. 
3.1. Corrosion coupons 
The synthesis of the results of the analysis of the different corrosion coupons exposed during the two 
test campaigns (short term  Cesar, and long term  LTTE) is presented in Table 2. For information, those 
results are compared with the results of a former comparable short term campaign (Esbjerg, 30 wt% 
MEA, 500h) performed as part of the Castor project [5]. 
It is worth to note that the evaluation of the corrosion rate on the basis of the weight loss measurement 
considers a constant, homogeneous, general corrosion rate. No localized effect is considered. 
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Table 2. Results of the corrosion coupons evaluation, corrosion rates in m/yr - *N.S. = Not Significant, the weight loss after 
exposure is equivalent to the weight loss of a reference coupon which has not been exposed 
 Materials 
Carbon steel Austenitic stainless steel Duplex stainless steel 
1018 304L 316L 2101 2205 2507 
IP 1 Castor < 1 < 1 / / / / 
 Cesar 39.83 N.S. / / / / 
 LTTE 0,19 0.14 / / / / 
IP 2 Castor < 1 < 1 / / / / 
 Cesar N.S. N.S. / / / / 
 LTTE 0.46 0.04 / / / / 
IP 3 Castor 4 4 / / / / 
 Cesar N.S. 0.26 / / / / 
 LTTE 2.21 0.19 / / / / 
IP 4 Castor 8500 < 1 / / / / 
 Cesar 1374 4743 / / / / 
 LTTE / 66.09 59.14 95.37 77.84 46.02 
IP 5 Castor < 1 < 1 / / / / 
 Cesar 10.7 0.423 / / / / 
 LTTE 1.22 0.1 / / / / 
IP 6 Castor 3 < 1 / / / / 
 Cesar 522 0.426 / / / / 
 LTTE / N.S. / / / / 
 
The results of the MEA tests in pilot plant are globally comparable during the different series of tests.  
No significant difference is observed between the short term (Cesar and Castor) and the long term testing 
(LTTE), except at two locations. In zone IP4, for stainless steel, no important corrosion had been 
observed during the Castor tests. It is in contradiction with the result of the Cesar test. In zone IP6, the 
results of the first Cesar campaign for carbon steel are not consistent with the Castor campaigns: the 
coupon shows a less good corrosion resistance than for the Castor campaigns. These differences could be 
due to test campaign relative singularities. The focus of this article is set on the general global trends and 
those specific results are therefore not detailed here. 
In most places (IP1, IP2, IP3, IP5), both carbon steel and 304L present at least an excellent corrosion 
resistance. In general the results show higher corrosion rate for the carbon steel compared to the austenitic 
stainless steel samples (304L, 316L).  However, the observed corrosion resistance and the degradation of 
the coupons are not acceptable in two zones, IP4 and IP6. 
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Fig. 3 Metallographic analysis o the coupon in zone IP 4, 304L (LTTE), deep localized degradation
In position IP4, at the solvent outlet of the stripper, the corrosion resistance of carbon steel and 304L
can be considered as poor (1000 5000 m/yr) to excellent (25 100 m/yr).  The corrosion is more 
severe during the short term campaigns (Castor and Cesar).  In this specific zone, localized corrosion is
observed, as illustrated in Fig. 3.  It is not excluded that the observed degradation is a combination of 
flow- and corrosion- induced phenomenon, possibly cavitation.  In zone IP4, duplex stainless steel
coupons were also tested.  Those coupons present an excellent corrosion rate comparable with the long
term testing test campaign. Rich duplex presents a lower corrosion rate than the tested austenitic stainless
steel.  The corrosion mechanism of the duplexes is homogenous general corrosion.
 
Fig. 4 - Corroded carbon steel coupon with pitting from zone
IP6 (Cesar)
Fig. 5 - Microstructure of the carbon steel coupon in zone IP6:
presence of pitting (Cesar)
In zone IP6, the general corrosion resistance of carbon steel is fair but the material is subject to severe 
pitting, as shown on Fig. 4 and Fig. 5, that could lead to the perforation of the piping (CO2 corrosion). 
Carbon steel should therefore be excluded as base material in this environment.
1mm 
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3.2. On-line corrosion monitoring
The online corrosion monitoring was tested at the Maasvlakte pilot plant (TNO) during a 30 wt%
MEA campaign. The results were validated by comparison with corrosion coupon of a material similar to
the measuring electrodes, exposed at the same location simultaneously. Only one probe was used for the
complete pilot plant campaign. It was installed at the level of the expected most critical (and accessible)
zone of the pilot, identified formerly thanks to the corrosion coupons analysis i.e. the stripper liquid 
outlet..
Fig. 6 illustrates the variation of the general corrosion rate in mm/yr in function of the time. Important
events, such as the solvent replacement, are also indicated in order to correlate corrosion rate and solvent
state.
After complete solvent replacement, the corrosion rate stabilizes at a value lower than the value
measured after partial replacement of the solvent. One reason for this decrease is the draining of corrosion 
causing degradation products along with the solvent. In presence of a new solvent and in absence of any 
external system perturbation, the corrosion rate is stable and low.
This example shows that the on-line monitoring tool seems to respond well and quickly to changes in
the pilot plant parameters. It would be interesting to further investigate this tool.
Fig. 6 impact of solvent state on general corrosion rate
3.3. Pilot plant inspection
In complement to the coupons and the corrosion monitoring, Laborelec also realized a global
inspection of the Esbjerg pilot plant. This installation was operated with different kinds of solvents,
including aggressive solvents, for a total of about 10 000 h in operation.  Several zones were investigated:
IP4 pipes, stripper, absorber, reclaimer and reboiler. The inspected zones are the zones where, 
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theoretically, the most severe degradation is expected because of the highest temperature, more corrosive 
nature of the solvent, mechanical constraints, etc. Most of the inspected parts of the carbon capture 
installation did not present any degradation susceptible to induce a structural loss of integrity of the pilot 
plant. The most critical zones are discussed in the next sections. 
 
3.3.1 Stripper Sump 
 
The observed degradations consist in several groups of localized round large surface degradations, as 
shown in Fig. 10. No specific localization of those groups is observed. The degradations are probably the 
consequence of a growing degradation of the materials: in a first stage, the degradation consisted in small 
localized material losses due to corrosion under deposit, pitting and/or cavitation. In a second stage, the 
material losses expand in surface leading to the finally observed degradations (some coalescence of the 
indications is also observed).  Cavitation is nevertheless less plausible as a cause for the first stage 
degradation at the level of the stripper sump (>< the stripper pipe): absence of design specificity leading 
to an increase in the kinetic energy at the level of the surfaces of the sump  the mechanism is 
nevertheless not impossible due to the temperature in the sump (this could induce the boiling of the 
solvent).  
 
 
Fig. 10  new degradations are observed 
 
3.3.2 Stripper pipe 
 
The inspected area is the pipe at the outlet of the stripper, upstream pump to the solvent heat 
exchanger. The analyzed pipe is homogenously rough. The roughness is probably due to corrosion under 
deposit  calcium and oxygen rich deposit is observed on most of the surface of the extracted pipe. 
Calcium probably comes from the gypsum used for deSOx upstream the carbon capture unit. Some 
localized round degradation is also observed, at the level of an elbow, in absence of deposit, as indicated 
in Fig. 11. This degradation is probably due to a contributive mechanical effect: turbulent flow, boiling 
solvent and pressure drops inducing some cavitation. 
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Fig. 11  Metallographic sample indicates localized round degradation in the zone with no deposit 
 
3.3.3 Reboiler tubes (rich solvent side) 
 
Several reboiler tubes have been inspected by endoscopy and no difference is observed according to 
their localization in the tube bundle. The surfaces present round localized degradations, more severe at the 
top (cf. Fig. 12) than at the bottom, where no degradation is observed. The localization of the 
degradations is probably due to the presence of a biphasic environment in this specific zone and/or the 
precipitation of a deposit due to a different partition coefficient in this environment. 
 
 
Fig. 12  general view of the top reboiler tube 
 
3.3.4 Reclaimer tubes (solvent side) 
 
The outside of the tubes were flushed before the inspection, but some deposits were still present on the 
surface. In the zones with no deposit, severe degradation of the external side of the tubes is observed. The 
degradation is probably due to the presence of a degraded stagnant solvent and aggressive deposits 
(sulfur) inducing corrosion under deposit and pitting initiation.   
Some degradation, corrosion and color gradients are observed at the inner side of the casing (cf. Fig. 
13 and Fig. 14): the corrosion is localized and probably associated with the presence of aggressive 
deposits; the color gradients are probably the consequence of phase gradients in the environment. The 
degradations observed at the interface between the red and the grey zones are supposed to be associated 
with interface phenomena (probably differential oxygenation cell). 
 
indications 
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Fig. 13  the inside walls of the reclaimer presents 
different zones of different color 
Fig. 14  metallographic sample indicates deposit on the 
internal surface and degraded external surface 
 
4. Summary and conclusions 
Based on the multiple approach analysis of the corrosion problematic encountered in MEA based post-
combustion carbon capture plants, several observations, hypotheses, and perspectives can be formulated:    
 In general, carbon steel and austenitic stainless steels behave good in most of the zones of the 
pilot installation.  Some corrosion might be observed, but this is not expected to have an impact 
on the structural integrity of the installation. 
 Several more critical zones are identified: 
 Stripper sump 
 High temperature lean solvent lines exposed to flow turbulences 
 Reboiler  
 Reclaimer 
These zones have to be carefully addressed. Some primary test results show that duplex steels 
could be used in those regions. 
  Several hypotheses can be formulated about the corrosion mechanisms: for instance, a 
cumulative effect of flow induced degradation is not excluded in the high temperature zones, 
while corrosion due to CO2 can be observed in the concentrated CO2 exhaust gas piping. 
 First tests with on-line corrosion monitoring have shown a quite good correlation with the results 
from the corrosion coupons. Moreover, the system answer was quite fast and has evidenced the 
negative impact of the solvent degradation on the corrosion rate.  Further tests will be carried out 
to continue the evaluation of this promising technique for the on-line corrosion monitoring of the 
most critical zones of the capture plant. This could enable the early detection of system 
degradation as well as the evolution to a more degraded solvent. 
 The different approaches selected by Laborelec to study corrosion show complementary results 
and form an efficient investigation technique in order to understand and follow-up the corrosion 
of a carbon capture pilot plant. The results of the corrosion coupons can be correlated with the 
observations made during the on-line monitoring; the inspection of the pilot plant evidences the 
same trends as the inspection of the corrosion coupons (for similar inspected zones). 
In practice, due to cost and accessibility of the different zones for the different kind of 
techniques (limited amount of zones where corrosion coupons can easily be placed and removed 
in service, cost of the corrosion monitoring device, need for emptying of the pilot for visual 
-technique approach for complete investigation 
in 
out 
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of the corrosion of the systems.  In complement, correlation with other parameters evolution 
(e.g. NH3 emissions) could be developed. 
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